Two-body abrasion
Introduction
In micro-abrasive wear tests (ball-cratering wear tests), a rotating ball is forced against the tested specimen, in the presence of an abrasive slurry ( Fig. 1 ) and the wear behavior is analyzed based on the dimensions of the crater formed during the test. This test has been applied in the study of the abrasive wear of metallic [1] [2] [3] [4] and non-metallic [5] [6] [7] [8] [9] materials and, depending on the equipment configuration, it is possible to apply normal forces (N) from N = 0.01 N [10] to N = 5 N [11] . The test is usually conducted in one of two basic configurations [12] : (i) free-ball and (ii) fixed-ball. In the literature [9] [10] [11] , fixed-ball equipment usually adopts dead weight systems to apply normal forces, but Cozza [13] [14] [15] developed a E-mail addresses: rcamara@fei.edu.br, ronaldo.cozza@fatec.sp.gov.br fixed-ball equipment where the normal force is applied by two compact modules [16] , which, in theory provide a system that is stiffer than those with dead weight loading. Analysis on the results obtained with this equipment raised a question [5] on the ability of the abrasive particles to enter between the ball and the specimen as the depth of penetration (h) of the ball gradually increases (Fig. 1 ). Another point related to this increase in depth of penetration is the evolution of the pressure (P) throughout one of the tests. Since tests are conducted with constant normal force [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and the total area of the crater gradually increases, it is possible to anticipate a variation on the pressure developed along the test, which may affect the abrasive wear modes [14] . http://dx.doi.org/10.1016/j.jmrt.2014. 10 Greek
Poisson's coefficient of the specimen Tw o abrasive wear modes are usually observed during micro-abrasive wear: rolling abrasion ( Fig. 2a ) results when the abrasive particles roll between the ball and the specimen, while grooving abrasion ( Fig. 2b [14] ) is observed when the abrasive particles slide on the surface of the wear crater [2, 10, 17] .
In 2003 and 2005, Kochi Adachi and Ian M. Hutchings published two important researches [10, 17] analyzing the influence of the normal force (N), abrasive slurry concentration (C) and other test parameters on abrasive wear modes transition. However, they did not consider the importance of the sliding distance (S) on this transition. Then, with the intent to collaborate with the understanding of the conditions, which h Speci men
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Normal force -N 5-19 (1886-1937) cause that phenomenon, the motivation and purpose of this work is to present a study of the effect of sliding distance on abrasive wear modes transition observed in micro-abrasive wear.
Abrasive slurry
2.
Experimental procedure
Micro-abrasive wear equipments
Tw o equipments were used in the micro-abrasive wear tests: (i) a fixed-ball configuration equipment ( Fig. 3a [13, 14] ), which was designed and assembled with differences from commercial fixed-ball equipment [12] and (ii) a free-ball configuration equipment ( Fig. 3b ).
In the first case (fixed-ball mechanical configuration), balls with a hole were used and the nut shown in Fig. 3a was responsible for fixing the ball onto the shaft and transferring movement to the ball. This configuration eliminates the relative movement between the shaft and the ball and, theoretically, imposes mechanical restriction for ball movement in the direction parallel to the normal load [5, 13] .
Materials
Tw o materials specimens were analyzed in the micro-abrasive wear tests: commercial ISO P20 cemented carbide (WC-Co) and AISI M2 tool steel. Balls made of AISI 52100 steel were used as counterbody and presented a diameter of D = 25.4 mm (D = 1 ′′ ). Fig. 4 presents the microstructures and the nominal chemical compositions of the ISO P20 cemented carbide (WC-Co) ( Fig. 4a ), AISI M2 tool steel ( Fig. 4b ) and AISI 52100 steel (Fig. 4c ). The abrasive used was black silicon carbide (SiC), from Alcoa, with average particle size of 5 m and angular shape [18] . Fig. 5 [18] presents a scanning electron micrograph of this abrasive ( Fig. 5a ) and its particle size distribution (Fig. 5b ). The abrasive slurry was prepared as a mixture of 25% of SiC and 75% of distilled water, by volume. This mixture results in 1.045 g of SiC per cm 3 of distilled water. Table 1 presents the hardness (H) of the materials used in this work (specimens, balls and abrasive particles). To determine the hardness of the SiC, liquid-phase sintered SiC samples were tested with ten Vickers indentations (per specimen) under a load of 50 N and a loading time of 15 s [18] . With the same values of load and time adopted by Izhevskyi et al. [18] of 50 N and 15 s, respectively, the hardness of the specimens were measured; the values in Table 1 refer to an arithmetic average of three macro-hardness Vickers measurements. The hardness of the balls was obtained from the manufacturer. 
2.3.
Abrasive wear tests Table 2 shows the conditions selected for the experiments conducted with the fixed-ball equipment configuration. The Table 3 presents the conditions selected for the experiments conducted with the free-ball equipment configuration. All tests were conducted without interruption and the abrasive slurry was continuously agitated and fed between the ball and the specimen.
It is important to mention that the mechanical and electrical characteristics of the fixed-ball and free-ball equipments used in this work prevented the selection of exactly the same test conditions for the experiments conducted in both equipment configurations.
Analysis of results -method of analysis of the abrasive wear modes transition
After the micro-abrasive wear tests, the images of the wear craters were analyzed with the help of a CAD software in order to determine, based on the total crater projected area (A t ), the projected area fraction with grooving abrasion (A g ). Then, the projected area fraction with rolling abrasion (A r ) was calculated using Eq. (1):
Later, the evolution of the abrasive wear modes transition was studied in plots of projected area fraction with grooving abrasion as a function of sliding distance -A g = f(S), and projected area fraction with rolling abrasion as a function of sliding distance -A r = f(S), for each combination of specimen material and equipment configuration.
Finally, the pressure (P) was calculated by Eq. (2), with the purpose to plot the graphic of pressure as a function of total crater projected area -P = f(A t ), for each combination of specimen material and equipment configuration.
Additionally, the Hertz contact pressure (P Hertz ) was calculated by Eq. (3), for each combination "ball/specimen/normal force". The values of P Hertz are mentioned in Table 4 .
In Eq. (3), R is the radius of the ball and E * is the reduced Young's modulus, calculated through Eq. (4). 
3.
Results and discussion Fig. 6 presents the definition of the total crater projected area (A t ), the projected area fraction with grooving abrasion (A g ) and the projected area fraction with rolling abrasion (A r ). In this figure, the wear crater was generated on the AISI M2 tool steel material specimen. Fig. 7 presents the graphics of A g = f(S) (Fig. 7a) and A r = f(S) (Fig. 7b ). A general trend was observed in all cases: initial test conditions always resulted in craters presenting evidences of both grooving abrasion and rolling abrasion. Fig. 8 presents two wear craters, for the conditions 0 < A g < A t , where both rolling abrasion and grooving abrasion were observed (Fig. 8a) , and A g = 0 (A r = A t ), where pure rolling of abrasive particles 100 µm Fig. 6 -Definition of the total crater projected area (A t ), the projected area fraction with grooving abrasion (A g ) and the projected area fraction with rolling abrasion (A r ). Wear crater generated on the AISI M2 tool steel material specimen.
Relationship between sliding distance and abrasive wear modes transition
was observed (Fig. 8b) , respectively; A g = A t (A r = 0) refers to a condition with only grooving abrasion.
In fact, Fig. 7 indicates that test evolution was always associated with a decrease in the projected area fraction with WC-Co P20-fixed-ball WC-Co P20 -free-ball M2-fix ed-ball M2-free -ba ll grooving abrasion up to a point that pure rolling abrasion was observed. In general, results in Fig. 7 may be explained by considering that in the beginning of the test, the pressure is relatively high, and in this condition, it is more difficult for the abrasive particles to roll than in conditions with lower pressure. Thus, the projected area fraction with grooving abrasion is higher in the beginning of the test than in the end. Besides, Fig. 7 also indicates that, in the case of the commercial ISO P20 cemented carbide (WC-Co) specimen, the transition from grooving abrasion to rolling abrasion occurred approximately at the same sliding distance, for both equipment configuration (fixed-ball and free-ball). However, AISI M2 tool steel specimen, the abrasive wear mode transition occurred earlier for the experiments conducted with the freeball equipment configuration. These results are in agreement with the ideas that associate lower pressures with higher tendencies for the occurrence of pure rolling abrasion, as are going to be discussed in the next topic.
Relationship between pressure and abrasive wear modes transition
In micro-abrasive wear tests, it is usual to observe a linear relationship between the wear volume (V) and the sliding distance [2, 14, 19] . Since ball penetration depth (h) gradually increases during the test, the total crater projected area also increases. However, defining b as the diameter of the wear crater, as the test proceeds, the crater volume (V) increases in a rate proportional to b 4 (Eq. (5)) [20] and the total crater projected area (A t ) increases at a rate proportional to b 2 (Eq. (6)). Therefore, if the rate of increase in volume (dV/dt) is constant, the rate in increase in area (dA/dt) will not be.
Then, it is possible to anticipate that crater area will affect other characteristics of micro-abrasive wear tests. Literature works indicate that high applied normal forces and low concentrations of abrasive slurry favor the occurrence of grooving abrasion, while low normal forces and high concentrations of abrasive slurry favor rolling abrasion [2, 10, 17] . In this work, the mixed abrasive wear mode (rolling abrasion + grooving abrasion) was observed at the lowest values of S, independent of specimen material and equipment configuration. However, in three of the four situations, a single abrasive wear mode, rolling abrasion, was observed above given values of sliding distance ( Fig. 7 -tests conducted with: "commercial ISO P20 cemented carbide (WC-Co) + fixed-ball equipment configuration", "commercial ISO P20 cemented carbide (WC-Co) + free-ball equipment configuration" and "AISI M2 tool steel + free-ball equipment configuration"). Since the normal force was kept constant and the total projected area of the crater gradually increased throughout these tests, it is possible to expect a tendency for the pressure in the "ball -abrasive particles -specimen" contact to decrease along the tests (Eq. (7)).
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Normal force maintained con stant du rin g the abrasive wea r t ests. = (7) This reduction in pressure may have provided a higher mobility for the abrasive particles in the gap between the ball and the specimen, favoring the rolling abrasion mode. In this case, it is possible to question whether one of the predominant factors in determining the abrasive wear mode is the normal force or the pressure in the "ball -abrasive particles -specimen" contact. The transition to rolling abrasion was not observed in all cases ( Fig. 7 -"AISI M2 tool steel + freeball equipment configuration", but, even then it is possible to expect that transition would occur at higher values of S. Fig. 9 presents the relationship between pressure and total crater projected area -P = f(A t ).
In the tests conducted in this work, the normal force was maintained constant. Consequently, with the increasing of the quantity of abrasive particles on the surface of the worn crater, there is a decreasing of the normal force acting on each abrasive particle, due to the decreasing of the pressure. Then, it favors the occurrence of rolling abrasion. WC-co p20-free-ball M2-fixe d-ball M2-free-ball Fig. 9 -Behavior of the pressure (P) as a function of the total crater projected area (A t ), for the different equipments configurations and materials specimens.
The points raised in the paragraphs above indicate that micro-abrasive wear tests may be conducted in different conditions, with alternatives that are not restricted to changes in equipment configuration. Depending on the sliding distance, tests with constant load (and constant dV/dt) may be conducted with or without a significant decrease in dA/dt. Besides, it is possible to think in a test where the load would be gradually increased in order to maintain a similar value for "ball abrasive particles -specimen" pressure, although the value of dV/dt would not be constant. In this case, it is possible to expect that the ability of abrasive particles to move in the gap between the ball and the specimen would remain throughout the test.
Conclusions
The results obtained in this work have indicated that:
(1) With the increasing of the sliding distance there is the transition from grooving abrasion to rolling abrasion. (2) A tendency for the occurrence of rolling abrasion mode as the sliding distance increased was attributed to a decrease in the "ball -abrasive particles -specimen" pressure, which resulted from the constant normal force and the increase in total crater projected area. These lower pressures would provide a higher mobility for the abrasive particles in the gap between the ball and the specimen, favoring the rolling abrasion mode.
